A DNA microarray technique was used to demonstrate global changes in the transcription pattern of translation-associated genes that encodeˆfty-four ribosomal proteins including a putative ribosomal gene, and eleven translation factors in sporulating B. subtilis. We found that the mRNA levels of nine genes involved in the translation system, which include the genes for three ribosomal proteins (rpmA, rpmGB, and ctc) and two translation factors (efp, and frr ), were maintained at a high level at the onset of sporulation. The ypfD gene, which encodes the ribosomal protein S1 homologue, was also found to be expressed signiˆcantly during the early sporulation stage. In order to demonstrate the signiˆcance of these genes for sporulation, mutants were constructed using the pMutinT3 disruption vector. We detected an impaired sporulation in the mutants of rpmA (gene for the ribosomal protein L27), efp (elongation factor P), frr (ribosome recycling factor), and ypfD. The eŠect was especially pronounced in the efp mutant, sporulation of which was entirely abolished without aŠecting growth. The reduced expression of rpmGB (ribosomal protein L33) resulted in an impaired sporulation only at a high temperature (479 C). Only the rplI mutant, which encodes the ribosomal protein L9, could not be obtained, implying that its function is essential for viability. Thus, we successfully demonstrated the signiˆcance of several translation-associated genes in sporulation by using the results of the gene expression proˆling.
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Translation of genetic information encoded by mRNA is the last step of the gene expression pathway. The reaction, synthesis of a peptide bond, is done by the ribosome, which is constructed using three rRNAs and more thanˆfty ribosomal proteins in bacteria. Translation involves additional factors that play important roles in each step, as represented by initiation, peptide elongation, termination, and recycling of the ribosome. Gene expression is regulated at three steps: transcription, translation, and posttranslation. The critical regulation point in the translation process is initiation, during which the 30S ribosomal subunit binds to the Shine-Dalgarno (SD) sequence in the mRNA. In Escherichia coli, translation elongation is regulated by post-translational modiˆcations (methylation and phosphorylation) of elongation factor Tu, which plays a central role in delivery of aminoacyl-tRNAs to the translating ribosome. 1) Although the precise mechanism is yet to be known, alteration of ribosome components has been advocated to occur during translation.
Bacillus subtilis can enter a dormant stage (formation of spores) during conditions of nutrient deprivation and high cell density to survive growth-limiting conditions.
2) The sporulation process is accompanied by a sequential expression of sporulation-speciˆc sigma factors.
3) This``sigma cascade'' accounts for the alteration of gene expression in sporulating B. subtilis. Some groups have studied the translational discrimination during sporulation using antibiotics that inhibit protein synthesis; they proposed that translational discrimination arises from a functional modiˆcation of the ribosome and other translation factors. Certain mutations in the rplQ gene, which encodes the ribosomal protein L17, confer resistance to erythromycin, and results in a temperaturesensitive sporulation phenotype. 4) Mutations in the rpsL gene, which encodes the ribosomal protein S12, also result in streptomycin resistance and a sporulation-defective phenotype. 5) These previous reports suggest that a speciˆc ribosomal function is required for sporulation but not for growth. In fact, ribosomal translation activity was found to be changed during sporulation. 6) Alteration in a translation factor also results in an oligosporogenesis phenotype. A mutation in the fus gene, which encodes the elongation factor G (EF-G), renders cells fusidic-acid-resistant and results in a temperaturesensitive sporulation phenotype. 7) Moreover, during sporulation of B. subtilis, protein synthesis and sporulation both become resistant to fusidic acid. 8) Thus, a speciˆc function of the translation factor(s) is also essential for sporulation.
The DNA array technique makes genome-scale transcription analysis feasible for B. subtilis during sporulation. Fawcett et al. 9) previously monitored the changes in gene expression in sporulating B. subtilis using this technology. Sequence information of the whole genome in B. subtilis was decoded in 1997, 10) and enables the investigation of genetic structures and codon usage in this organism. 11) Moreover, recent studies on novel translation factors, such as elongation factor P (EF-P) and ribosome-recycling factor (RRF), have implicated several ribosomeassociated proteins in modulating ribosomal function. 12, 13) Thus, a DNA microarray may be advantageous, especially for analyzing the expression of functional gene clusters, such as ribosomal genes and translation factors. We analyzed in this study the expression changes in the ribosomal genes and translation-associated genes during sporulation. On the basis of results from the gene expression analyses, we did gene disruption experiments and demonstrated successfully the signiˆcance of several translationassociated genes in sporulation of B. subtilis. The results are communicated in this paper.
Materials and Methods
Bacterial strains and plasmids. The B. subtilis strains used in this study are listed in Table 1 . All of the mutants are derived from strain 168. The plasmids constructed to inactivate the target genes were prepared using E. coli JM109 or DH5a. The region (approx. 200 bp in length) containing the SD sequence and the 5? portion of each target gene was ampliˆed by PCR and digested with HindIII and BamHI. Primers used for ampliˆcation of the target DNA fragments are summarized in Table 2 . The fragments were individually subcloned in the multicloning site in pMutinT3, 14) and then the recombinant plasmid was used for transformation of B. subtilis 168. Antibiotics were used for selection at the following concentrations; ampicillin (100 mg W ml) and erythromycin (0.5 mg W ml).
DNA microarray analysis. B. subtilis 168 cells grown at 379 C in 2× SG medium 15) containing 0.1z glucose were collected at 0.5 h before and 1.5, 3.5, and 6 h after the end of exponential growth. Cells were treated with chilled killing buŠer (20 mM TrisHCl [pH 7.5], 5 mM MgCl2, 20 mM NaN3) and kept at -309 C. Total RNA was extracted from the cells with the Isogen reagent (Nippon Gene, Toyama, Japan). The amount of total RNA was measured by the optical density at 260 nm. Reverse transcription for the labeling was done with Superscript II reverse transcriptase kit (Invitrogen, CA, USA) using 40 mg of total RNA and 0.125 pmol of the B. subtilis oligonucleotide set for speciˆc reverse transcription (Eurogentec, Liege, Belgium). The reverse transcripts from the RNA puriˆed from vegetative and sporulating cells were labeled with Cy-3 and Cy-5 (Amersham Pharmacia Biotech, NJ, USA), respectively. After incubation at 429 C, transcripts were treated in an alkaline condition and enriched with Microcon YM-30 (Millipore, MA, USA).
Ribosomal and translation-associated full length genes were ampliˆed by PCR, and then cloned into the pCR2.1 vector (Invitrogen, CA, USA). Chromosomal DNA extracted from B. subtilis 168 cells was used as a template for PCR. PCR products (approx. 100 mg W ml) were ampliˆed using the M13 primer pair and then stamped onto the amino-silane coated slideglass, CMT-GAPS II (Corning, MA, USA), using the DNA stamping robot, MicroGrid (Biorobotics, Cambridge, UK). For normalization, we stamped sonicated chromosomal DNA extracted from the strain 168 onto the slide glass.
Probes were mixed and hybridized at 429 C on the DNA microarray, which wasˆrst treated with a pre-hybridization solution (containing 0.5 mg W ml of yeast tRNA, 0.5 mg W ml of salmon sperm DNA, and 0.2z SDS in 5× SSC). After the incubation for 16 h, the array was washed well with 0.1× SSC containing 0.1z SDS and then completely dried. The microarray was scanned with the microarray reader, ScanArray 5000 (GSI Lumonics, Ottawa, Canada) using the excitation light at 543 and 633 nm at a 10 mm pixel resolution. The ‰uorescence intensity of the spots was measured with the microarray analysis application software, ScanAlyze 2.1 (http://rana. Stanford.EDU W software). The intensity value was normalized against the intensity of chromosomal DNA. Because the level of total RNA per cell signiˆcantly changed during sporulation, the intensity was then multiplied by the relative amount of total RNA calculated by the data, as shown in Fig. 1 . The datasets were processed and graphed using the cluster analysis softwares, Cluster and TreeView (http://rana.Stanford.EDU W software).
Assay of spore formation. Cells were grown in 2× SG medium containing 0.1z glucose at 379 C or 479 C for 27-30 h (corresponding to 24 h after cells reached to T0). Heat-resistant spores were measured by treating the cells at 809 C for 15 min. The number of spores per ml of culture was measured using Luria-Bertani (LB) plates containing erythromycin and 1 mM of isopropyl-b-D-thiogalactopyranoside (IPTG).
Reverse transcription-polymerase chain reaction (RT-PCR) analysis. Random hexamers attached in a Thermoscript RT-PCR kit (Invitrogen, CA, USA) were used for reverse transcription using 1.2 mg of total RNA as a template. Primers used for microarray preparation were used for PCR reaction.
Assay of b-galactosidase activity. The expression of transcriptional fusion was monitored by b-galactosidase activity. Cells were grown in 2× SG medium containing 0.1z glucose and 5 mM of IPTG at 379 C, and a 100-ml sample was taken at the indicated times to assess b-galactosidase activity.
16)

Results
Changes in the level of total RNA during sporulation Weˆrst monitored the changes in the intracellular level of total RNA during sporulation (Fig. 1) . In our culture conditions, T1.5, T3.5, and T6 represent the time just before asymmetric septation, just after asymmetric septation, and after stage II when s E is activated, respectively. 17) At the time of sporulation onset (T0), the amount of RNA per cell (＝OD660) decreased abruptly down to 30z of the initial value, and then was gradually elevated. Since the majority of RNAs in the cell are rRNA and tRNA, the result indicates that the transcription of at least rRNA and tRNA was arrested severely at the onset of sporulation, but was resumed and increased gradually after phosphorelay was activated. Changes in the mRNA level of translation-associated genes during sporulation
In order to see changes in the mRNA level of translation-associated genes in sporulating cells, wê rst prepared a DNA microarray by spotting sixtyve genes that are involved in translation (see Materials and Methods). The genes used here containedˆfty-four ribosomal genes, including the gene putatively encoding the homologue of S1 protein ( ypfD ) and eleven genes encoding translation factors. Most of the ribosomal genes were clustered into group II, which represents reduced expression during sporulation (Fig. 2) . Genes belonging to this group are mainly located within the large ribosomal operon, S10 to a, or other ribosomal operons such as L11 and S12. 19) The infA, fus, and tufA genes are also located within these operons. These results agreed with previous works by Hussey et al., 20, 21) who demonstrated that the expression of a majority of ribosomal genes decreases during sporulation. Also, Huang et al. reported recently that in Streptomyces coelicolor, genes encoding ribosomal proteins are globally down-regulated immediately after cells entered into the transition growth phase as demonstrated by DNA microarray analysis. 22) Of the translation-associated genes tested, rplI, rplM, rplT, rpmA, rpmGB, rpmI, ctc, ypfD, infB, efp, prfA, prfB, frr, and rbfA, were clustered into group I, which showed sustained or increased expression during sporulation (Fig. 2) . However, the data were not highly reproducible in our experimental conditions. Therefore, we next attempted to conˆrm the results of the DNA microarray analysis by RT-PCR and transcriptional fusion analysis (see below).
RT-PCR analysis and transcriptional fusion analysis with the lacZ gene
Weˆrst did RT-PCR analysis to see the full-length mRNA level of genes during sporulation, focusing on eachˆve ribosomal genes and translation factor genes as mentioned above (Fig. 3) . Three ribosomal genes (rpsJ, rpsO, and rplV ) which were clustered into group II were also analyzed as a reference. As expected, the mRNA level of genes for rpsJ, rpsO, and rplV were all decreased more or less when cells entered into early sporulation stage (T1.5) (data not shown). On the other hand, the full-length mRNA level of genes for rpmA, ypfD, and ctc were sustained (though not elevated) to the level at exponential growth phase (T-0.5) throughout sporulation stages (T1.5 to T6). The mRNA level of rpmGB was also sustained but only during early sporulation stage (T1.5). Likewise, the mRNA level of efp and frr were also sustained during early sporulation stage. However, we found an apparent discrepancy between the DNA microarray results and RT-PCR analysis for rplI, prfA, prfB, and rbfA, the mRNA level of which decreased signiˆcantly after T0 in RT-PCR Genes in Sporulating Cells. Strain 168 was grown in 2× SG medium containing 0.1z glucose at 379 C. Total RNA was extracted from cells at the indicated times. cDNA was synthesized with random hexamers using a 1.2-mg portion of total RNA as a template. PCR was done with each speciˆc primer, which covers a full length of the relevant genes.
analysis (data not shown).
In order to see the promoter strength of genes, we constructed mutants of the genes using the pMutinT3 vector, which is often used to disrupt the target genes in B. subtilis.
14) Then we did the moderation experiments for gene expression (see Material and Methods). In this condition, transcription of the genes is controlled by the spac promoter in an IPTGdependent manner. Moreover, transcriptional fusion with the reporter gene (lacZ ) is generated to evaluate expression by measuring the accumulation of bgalactosidase activity. Transformation of the 168 strain using an internal fragment of the rplI gene failed, implying that the spac promoter was not su‹cient to provide adequate high-level expression. 23) Of the candidates focused on the basis of the microarray results, the expression of rpmA-, rpmGB-, ypfD-, and ctc-lacZ fusions (corresponding to strains YO-123, YO-124, YO-130, and YO-131, respectively) were found to be induced or sustained at least during early sporulation stages (Fig. 4) . The expression of efp and frr (corresponding to YO-125 and YO-126, respectively) were found to be highest at T0, although they went down hereafter. Thus, the expression proˆles of these genes were in agreement between microarray analysis and lacZ fusion analysis. Exceptions were infB, prfA, prfB, and rbfA, expression of which did not show any increase, but decreased after T2 in lacZ fusion analysis (data not shown). rplM, rplT, and rpmI were not put through the lacZ fusion analysis.
EŠects of altered gene expression on sporulation It was possible that the genes with a high level of expression during sporulation may somehow play a role (or be required) for sporulation of B. subtilis. To assess this possibility, we altered the expression of translation-associated genes that displayed a high level of expression during sporulation (see above) as screened by DNA microarray and lacZ fusion analysis. The results are summarized in Table 3 . In each mutant, the expression of the target genes located downstream from the spac promoter should decreased in the absence of IPTG, because the integrated pMutinT3 vector contains a constitutively functional lacI gene that encodes a repressor of the promoter. The parental strain 168 produced abundant spores (1.2×10 9 spores W ml) when incubated at 379 C for 27 h. The rpmA mutant YO-123 grew at a rate comparable to that of 168, but failed to produce abundant spores (Table 3 ). The eŠect was much more pronounced when cells were grown at high temperature (479 C) producing only 10 6 spores W ml. Likewise, the rpmGB and ypfD mutants both displayed ine‹cient sporulation at 479 C (10 7 spores W ml). Mutants for frr (YO-126) showed an IPTG-dependent sporulation phenotype (10 9 and 10 7 spores W ml in the presence and absence of IPTG, respectively). Similar results were obtained when spore titers were measured at T48 (data not shown). The eŠects of altered efp gene expression were dramatic. The efp mutant YO-125 grew well as the parental strain, but entirely lost the ability to sporulate. This impaired ability for sporulation, however, could not be restored to the wild-type level by the addition of IPTG. Thus, as expected from the gene expression analysis, disruption of several genes (with an exception for ctc) gave rise to a defective sporulation phenotype.
Discussion
In this study, we demonstrated the presence of a distinct expression pattern during sporulation in B. subtilis using a DNA microarray. The intracellular total RNA level decreased at the onset of sporulation (Fig. 1) . Hussey et al. have reported previously that the biosynthesis of ribosomal proteins and rRNAs are both arrested at the onset of sporulation. 20) They also proposed that the transcription machinery itself is altered during sporulation, resulting in a decrease in the synthesis of ribosomal proteins and rRNAs. 21) The analysis of transcription activity in vivo using the [ 3 H]uracil showed that the rate of RNA synthesis continues to decrease during sporulation. 24) Our results are consistent with these previous results, which makes it possible to consider that the level of ribosomes is reduced during sporulation.
Our principalˆnding in this study is the fact that, despite the total decrease in the amount of RNA, the Cells were grown in 2× SG medium containing 0.1z glucose and 5 mM IPTG at 379 C, and samples were taken at the indicated times to measure b-galactosidase activity. level of mRNA of certain ribosomal genes (as listed in Table 2 ) are apparently elevated or sustained at least during early sporulation stages. It was striking that IPTG-inducible conditional mutants of these genes all displayed an impaired sporulation, especially at a high temperature, except for the ctc mutant (Table 3) . Truitt et al. reported previously that the loss of ctc function elicits a temperature-sensitive sporulation phenotype. 25) This discrepancy may come from a leaked expression of ctc gene as regulated by the Pspac promoter. The genes causing impaired sporulation by its disruption were rpmA, rpmGB, ypfD, efp, and frr and thus can be considered to be required for the normal sporulation process. The rpmA gene, which encodes L27 protein, is known to play an important role for ribosome assembly and for the peptidyl transferase reaction in E. coli.
26) The function of L33 protein, which is encoded by rpmGB, is not clear, although L33 is reported to play at best a minor role in ribosome assembly and function.
27) The rpmGB gene is located downstream of the spo0H gene, which encodes the sporulation speciˆc sigma factor, s H .
28) The rpmGB may be co-transcribed with spo0H, since expression of spo0H is known to be induced temporarily at the onset of sporulation. 29) Since the sporulation ability of these mutants was reduced signiˆcantly (10 6 -10 7 spores W ml) at 479 C, functional L27 and L33 are required for e‹cient sporulation at high temperatures, possibly by maintaining a normal ribosome assembly. Apart from the consequence of sporulation by gene repression, one may point out that the expression pattern of rpmGB and rpmA does not agree completely between RT-PCR ( Fig. 3) and lacZ fusion analysis (Fig. 4) . Namely, the expression of rpmA as measured by lacZ fusion analysis was low at T-0.5, nevertheless the level of mRNA for rpmA as measured by RT-PCR was at a high level at this time point. Moreover, the level of mRNA for rpmGB was reduced abruptly at T 3.5 as measured by RT-PCR, whereas expression of rpmGB was still at a high level at T3.5 as measured by lacZ fusion analysis. These discrepancies may be explained by the fact that capacity to degrade proteins and RNAs usually increases at late growth phase. 30) It is also possible that autonomous regulation of expression of translation-associated genes might function as we measured b-galactosidase activities in the cells grown in the presence of 5 mM IPTG causing forced expression of these genes. Moreover, the defect in the ribosome itself resulting from the plasmid integration might hamper the synthesis of b-galactosidase at the translation level. Thus, the level of mRNA for a speciˆc gene (as measured by RT-PCR) may not always re‰ect the promoter activity (as measured by lacZ fusion analysis), especially when cells entered into stationary phase.
In E. coli, the S1 protein stimulates translation e‹ciency, especially under circumstances where the binding strength of the anti-SD in 16S rRNA to the SD sequence is weak. 31) Inactivation of ypfD, which encodes the S1 homologue in B. subtilis, 32) also caused a considerable decrease in sporulation at high temperature (Table 3) . Sorokin et al. 33) reported previously that ypfD (designated it as the gene jofD) is expressed but is not essential in B. subtilis. The S1 protein homologue may be important in sporulation at high temperature, possibly for fast and accurate translation during sporulation. Although it was striking that decreased expression of efp led to a sporulation-deˆcient phenotype (Table 3) , further study is required to demonstrate the signiˆcance of the efp gene, since addition of IPTG did not restore the sporulation ability.
Disassembly of the post-termination complex generated after the end of peptide synthesis is catalyzed by a ribosome recycling factor (RRF) and disassembly is essential for recycling the ribosome, as demonstrated in E. coli and B. subtilis. [34] [35] [36] In addition, RRF maintains translational accuracy during the elongation process. 37) In B. subtilis, the frr gene was expressed at a moderately high level during the early stages of sporulation (Fig. 4) . Since sporulation of the frr mutant was impaired signiˆcantly but was restored by the addition of IPTG (Table 3) , it is likely that RRF somehow plays a role in sporulation, possibly by rapidly recycling the ribosome under a limited number of ribosomes.
In conclusion, we have demonstrated several important aspects of the translational machinery. Since these genes encoding certain ribosomal proteins and translation factors were required for e‹cient sporulation (Table 3) , it is likely, as has been predicted on the basis of results from mutant work, 4, 5, 8, 24) that the translation mechanism is switched for sporulation when cells sensed a nutritional deˆciency. To better understand the role of translational machinery in sporulation, it is essential to actually measure the amounts of relevant gene products in the ribosome and cytoplasm from growing and sporulating cells.
